This research addresses the axi-symmetric flow of a copper (Cu)-
Introduction
In recent times, the rapid growth of the human society significantly depends on the resources of energy. Thus several scientists and researchers are attempting to develop the new resources of energy in order to make use of solar energy which is suitable and easily available for various heating processes in industries. Choi [1] was first to use the nanoparticle to increase the thermal conductivity of fluids and storage of energy. Nanofluid is a fluid that containing the suspension of a nanometer sized particles of oxides, metals, nitrides, carbides, or nanotubes in regular base fluid such as engine oil, ethylene glycol, water, etc. Nanofluids have higher thermal conductivity than the base fluids. Makinde and Aziz [2] investigated the viscous flow and heat transfer filled with nanofluid over a heated stretching surface. Mustafa et al. [3] investigate the stagnation-point flow with heat transfer of a nanofluid over a stretching surface. Hady et al. [4] studied the effect of thermal radiation on the flow with heat transfer past a nonlinear stretching sheet of a nanofluid with wall temperature. Hamad and Ferdows [5] obtained the similarity solutions of the flow with heat transfer past a nonlinear stretching sheet filled with nanofluid. The mix convection flow of a nanofluid near a stagnation-point towards a shrinking surface was studied by Das [6] . Ibrahim et al. [7] analyzed the MHD flow near a stagnationpoint of a nanofluid over a stretching surface. The MHD viscous flow near a stagnation-point of a nanofluid towards a stretching/shrinking sheet was examined by Mansur et al. [8] . Hayat et al. [9] studied the stagnation point flow of carbon nanotubes over a stretching cylinder in the presence of slip effects. Recently, Dhanai et al. [10] obtained the dual solutions of the MHD viscous flow with heat transfer of a nanofluid towards a nonlinear permeable stretching/shrinking surface with viscous dissipation. Very recently, Faiza [11] investigated the boundary layer flow of a cu-water based nanofluid and heat transfer over a moving wedge with radiation effect and obtained the dual solutions.
Nowadays, the study of viscous flow with heat and mass transfer past a stretching/shrinking cylinder has been given a lot of attention by researchers because of its vast applications in various industrial and engineering processes. Such as rubber sheets, annealing, glass fiber production, paper production and many more. Wang [12] investigated the steady viscous flow outer side of a stretching hollow cylinder at rest immersed in an ambient fluid. Ishak et al. [13] analyzed the viscous flow with heat transfer past a stretching cylinder with suction/blowing. Mukhopadhyay [14] examined the effect of slip on the flow past a stretching cylinder with chemically reactive solute. In other paper, Mukhopadhyay [15] investigated the MHD boundary layer flow and heat transfer over a stretching cylinder with partial slip effect. The effect of mass suction on the flow and heat transfer towards a shrinking cylinder was studied by Bhattacharyya [16] . Najib et al. [17] investigated the effect of chemical reaction on the flow with mass transfer near a stagnation point over a stretching/shrinking cylinder with chemical reaction. Hayat et al. [18] analyzed the effect of viscous dissipation on the flow of a Casson fluid past an inclined stretching cylinder with thermal radiation. Recently, Omar et al. [19] obtained the similarity solution of viscous flow near a stagnation point of a nanofluid towards a shrinking cylinder.
Homogeneous-heterogeneous reactions involve in various chemical reactive system such as biochemical, catalysis and combustion. The relation between both the reactions are very complex involving the production and consumption of reactant species at different rates within the fluid and on the catalyst surface such as reactions occurring in combustion, catalysis and biochemical systems [20] . Merkin [21] investigated the isothermal model of homogeneous-heterogeneous reactions in viscous flow past a flat plate. Kameswaran et al. [22] analyzed the viscous flow past a porous stretching surface filled with nanofluid in the presence of homogeneous-heterogeneous reactions. Nandkeolyar et al. [23] examined the combined effects of MHD and heat generation of a nanofluid past a stretching sheet with homogeneous-heterogeneous reactions and obtained the numerical solutions of two types of nanofluid including copper and gold nanoparticles. The mix convective flow near a stagnation-point of a nanofluid towards a stretching sheet in the presence of thermal radiation and homogeneousheterogeneous reactions was investigated by Das et al. [24] . Recently, Hayat et al. [25] studied the boundary layer flow of a carbon nanotubes near a stagnation point towards a porous stretching cylinder with homogeneous-heterogeneous reactions.
The aim of this study is to consider the combined effects of thermal radiation and homogeneous-heterogeneous reactions of a copper-water nanofluid past a porous shrinking cylinder.
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The dual similar solutions of transformed nonlinear equations are obtained using bvp4c. To the best of author's knowledge, no one yet considered this kind of problem.
Mathematical Formulation
Consider the axi-symmetric flow of a Cu-water nanofluid towards a porous shrinking cylinder with homogeneous-heterogeneous reactions. 
while for the catalyst surface, the first-order isothermal single reaction is described as
Here a and b are the chemical concentrations species A and B respectively, whilst c k and p k are constants. It is presumed that both the processes of reaction are isothermal. Under the above assumptions and boundary layer approximation, the basic equations of nanofluid are 
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The suitable boundary conditions are
where r is the coordinate measured in the radial direction, u and v are components of velocity in x and r directions respectively, nf  and nf  are the viscosity and density of the nanofluids respectively, T is the temperature, 
Here f k and 
Now, we introduce the similarity transformation:
where  is the similarity variable, 
The transformed boundary conditions are 
Above assumption leads to reduce the equations (14) and (15) to
subject to the boundary condition
The quantities of physical interest are the skin friction coefficient ''(0) f and the local Nusselt number '(0)   .
Stability Analysis
As suggested by Merkin [27] and Weidman et al. [28] , we test the stability analysis by taking the unsteady form of Eqs. (4-7) (see Khan et al. [29] )
where t represents the time. This introduce a new variable in similarity transformation:
, .
Employing Eq. (25) 
  
with the boundary conditions
Further, using Eq. (17) with 1   , Eqs. (28) and (29) can be written as
7 along with the condition (0, ) (0, ), ( , ) 1. (12), (13), (16), (18) (26), (27) and (31) 
with the boundary conditions 
along with the following boundary conditions
For the fixed values of the physical parameters, the stability is determined by the smallest eigen value of the coreesponding steady flow solution 0 () f  , 0 ()  and 0 () g  . As it has been suggested by Harris et al. [30] , the possible range of eigen values can be obtained by relaxaing the boundary condition on indicates that the flow is unstable.
Results and discussion
The set of transformed nonlinear equations (12), (13) and (18) along with the boundary conditions (16) and (19) were solved numerically using the bvp4c code from Matlab. To clearly realize physical insight for boundary layer flow of a nanofluid in presence of homogeneousheterogeneous reactions, the obtained numerically results for the skin friction coefficient ''(0) f , the heat transfer rate ' Table 1 . Table 1 Thermophysical properties of fluid and nanoparticles.
The effect of curvature  on the velocity, temperature and concentration profiles are depicted in Figs. 1-3, respectively. Fig. 1 shows that the velocity profiles decreases with increasing  for first solution and consequently, the momentum boundary layer thickness increases. While the opposite effect is observed for second solution. Physically, this is due to the fact that an increase in the diameter of cylinder leads to decrease in the velocity of fluid within the boundary. On the other hand, the temperature profile increases with  for first and second solutions as shown in Fig. 2 . This is due to fact that due to increase in the value of curvature parameter that leads to decrease in radius of cylinder which offers less resistance. Fig. 3 shows that the concentration profiles decreases with increasing  for first solution as well as for second solution and thus the concentration boundary layer thickness becomes thicker and thicker for both solutions. It is also note from this figure that the second solution displays a thinner boundary layer thickness compared to the first solution. Further, it is clear from these figures that the momentum, thermal and concentration boundary layer thicknesses become larger for cylinder Figures 4-6 show the effect of nanoparticle volume fraction on the velocity, temperature and concentration profiles, respectively. Fig. 4 shows that the velocity profiles increases with increasing values of  and consequently decreases the momentum boundary layer thickness for first solution, while the opposite trend is seen for second solution. This is because of the fact that the thermal conductivity increases by increasing the nanoparticle volume fraction which leads the further thinning of momentum boundary layer. Fig. 5 shows that the temperature profiles also increases with  for first and second solutions and therefore, increases the thermal boundary layer thickness. Since, the heat is transformed with faster rate from the surface of cylinder to the fluid and thus warms the region of thermal boundary layer. It is also observed from this figure that the thickness of the boundary layer is larger for Cu-water compare to pure water   0   . This is due to fact that thermal conductivity of copper is high which in turns increases the thermal conductivity of fluid. Fig. 6 shows that the concentration profiles increases with  for first solution and decreases for second solution. The results showed that the temperature profiles decreases with increasing N for first and second solutions. Thus, the thickness of thermal boundary layer becomes thinner and thinner in case of first and second solutions. This is because of the fact that the large values of radiation parameter implies the dominance of conduction and therefore decreasing the thermal boundary layer thickness, despite of increasing the thermal conductivity of copper nanoparticles. Figures 8 and 9 show the variation of concentration profile for different values of the homogeneous reaction K and heterogeneous reaction p K , respectively. Figures 8 and 9 show that the concentration profiles decreases with increasing K and p K for first and second solutions and thus the boundary layer thicknesses increase for both solutions. It is also seen from this figure that the boundary layer thicknesses of reactant increase with  for first and second solutions, however after greater values of  , they coincide which means that the homogeneous-heterogeneous reactions have no effect on the concentration boundary layer of the reactants. Further, it is seen from Fig. 8 that the second solution displays a thicker boundary layer thickness compared to the first solution. Thus, the curvature parameter accelerate the boundary layer separation.
Conclusions
In this research, the homogeneous-heterogeneous reactions on the flow of a copper-water nanofluid past a permeable shrinking cylinder was studied numerically. Similarity solution of the transformed equations are obtained using bvp4c from Matlab for different values of the governing parameters. From this study, the following conclusions could be drawn:
1. Dual solutions are obtained for a certain range of suction parameter.
2. The curvature parameter accelerate the boundary layer separation. 14 3. The velocity and concentration profiles increases due to nanoparticle volume fraction for first solution and decrease for second solution. While, the temperature profile increases with  for both solutions.
4. The concentration boundary layer thickness increases with increasing homogeneousheterogeneous reactions for first solution as well as for second solution.
